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Abstract  18 
Pretreatments of sugarcane bagasse by three high boiling-point polyol solutions were 19 
compared in acid-catalysed processes. Pretreatments by ethylene glycol (EG) and 20 
propylene glycol (PG) solutions containing 1.2% H2SO4 and 10% water at 130 °C for 21 
30 min removed 89% lignin from bagasse resulting in a glucan digestibility of 95% with 22 
a cellulase loading of ~20 FPU/g glucan.  Pretreatment by glycerol solution under the 23 
same conditions removed 57% lignin with a glucan digestibility of 77%. Further 24 
investigations with EG solutions showed that increases in acid content, pretreatment 25 
temperature and time, and decrease in water content improved pretreatment 26 
effectiveness. A good linear correlation of glucan digestibility with delignification was 27 
observed with R2 = 0.984. Bagasse samples pretreated with EG solutions were 28 
characterised by scanning electron microscopy (SEM), Fourier transform infrared 29 
spectroscopy (FTIR) and X-ray diffraction (XRD), which confirmed that improved 30 
glucan enzymatic digestibility is mainly due to delignification and defibrillation of 31 
bagasse.  Pretreatment by acidified EG solutions likely led to the formation of EG-32 
glycosides.  Up to 36% of the total lignin was recovered from pretreatment hydrolysate, 33 
which may improve the pretreatment efficiency of recycled EG solution. 34 
Keywords: Sugarcane bagasse, Pretreatment, Delignification, Ethylene glycol, 35 
Enzymatic hydrolysis 36 
 37 
 38 
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Introduction 39 
Pretreatment of lignocellulose is a prerequisite to make cellulose more accessible to 40 
cellulases for the production of fermentable sugars. Organosolv pretreatment of 41 
lignocellulosic biomass has been considered as one of the most promising pretreatment 42 
strategies (Alvira et al. 2010). A number of pretreatment methods using low boiling-43 
point (BP) solvents such as methanol, ethanol and acetone have been reported (Araque 44 
et al. 2008; Pan et al. 2007; Hormeyer et al. 1988). However, pretreatment by low BP 45 
solvents has significant disadvantages due to the risks associated with high pressure 46 
operation as these solvents are highly volatile and flammable (Rezayati-Charani et al. 47 
2006).   48 
Glycerol, ethylene glycol (EG), propylene glycol (PG) are bulk chemicals and have high 49 
BPs (290 °C for glycerol, 197.3 °C for EG and 188.2 °C for PG). The uses of glycerol, 50 
EG and PG for liquefaction and pulping of lignocellulosics have been reported 51 
previously (Demirbas 2010; Demirbaş 1998; Demirbas 2008; Kucuk 2005; Demirbas 52 
and Celik 2005; Johansson et al. 1987; Jimenez et al. 2008; Jasiukaityte et al. 2009; 53 
Kržan and Zagar 2009; Kržan et al. 2005). Using a two-step microwave heating method 54 
(2 min at 500 W followed by 5 min at 300 W), Kržan and Zagar (2009) have found that 55 
PG was the most effective solvent in wood liquefaction, followed by EG and glycerol 56 
respectively. No explanation on why PG was more effective than the other polyols was 57 
provided. 58 
Pretreatments of lignocellulosics by glycerol aiming to improve glucan enzymatic 59 
digestibility have also been conducted by a number of researchers (Liu et al. 2010; 60 
Martin 2011; Sun and Chen 2008; Sun and Chen 2007). These studies show that 61 
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pretreatment is more effective in the presence of acid catalysts than that in the presence 62 
of alkali catalysts or without catalysts. Furthermore, these studies also show that 63 
pretreatment under acidic conditions generally requires lower temperatures than that 64 
with alkali catalysts or without catalysts, which could reduce energy consumption for 65 
pretreatment. Pretreatment of waste newspaper with non-aqueous EG solution resulted 66 
in a glucan enzymatic digestibility of 94% in the presence of 2% H2SO4 at 150 °C for 67 
15 min (Lee et al. 2010). However, newspaper, which is already a pulped biomass, is 68 
significantly different from the raw plant biomass such as sugarcane bagasse in terms of 69 
biomass composition and structure. To date, few studies have focused on pretreatment 70 
of raw plant biomass by EG to improve glucan enzymatic digestibility.  71 
Complete removal of water from either biomass or a solvent such as ionic liquid and 72 
polyol is an energy- and time-consuming process. Therefore, water-compatible and 73 
solvent-based pretreatment may reduce the pretreatment cost compared to the 74 
pretreatment with non-aqueous solvents. A number of solvent-based pretreatment 75 
processes are based on delignification and hence removal of lignin improves cellulose 76 
accessibility to cellulase (Zhang et al. 2013a; Sun and Chen 2007; Sun and Chen 2008; 77 
Lee et al. 2010). The extent of delignification could be reduced by adding water into 78 
these solvent systems, possibly due to reduced lignin solubility (Zhang et al. 2012; 79 
Zhang et al. 2013c). Therefore, it is interesting to examine the effect of the water 80 
content in polyol systems on pretreatment effectiveness. Evaluating pretreatment 81 
hydrolysate components in polyol-based solvent systems can provide basic information 82 
on development, optimisation and scale-up of pretreatment processes. Recovery of 83 
lignin from polyol-based pretreatment processes may not only improve the pretreatment 84 
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efficiency of the recycled polyol solvent (Lee et al. 2010) but also produce substrates 85 
suitable for the production of value-added biodegradable polymers (Doherty et al. 2007).  86 
Several solvent-based pretreatment processes (i.e., with aqueous ionic liquid, aqueous 87 
glycerol and mixtures of alkylene carbonate and alkylene glycol) with mild conditions 88 
(temperatures of ≤ 130 °C with acid concentrations of ≤ 1.2%) have been developed in 89 
our recent studies (Zhang et al. 2012; Zhang et al. 2013b; Zhang et al. 2013c). In this 90 
study, pretreatment effectiveness of three acidified aqueous polyols (glycerol, EG and 91 
PG) on sugarcane bagasse were compared at 130 °C. Furthermore, the effects of 92 
pretreatment conditions on pretreatment effectiveness by EG solutions were 93 
investigated in detail. Pretreated bagasse samples and pretreatment hydrolysates were 94 
both characterised to better understand the properties of this acidified EG-based 95 
pretreatment process. In addition, lignin dissolved in pretreatment hydrolysate was 96 
recovered and characterised by molecular weight.  97 
Experimental 98 
Materials 99 
Sugarcane bagasse was collected from Racecourse Sugar Mill (Mackay Sugar Limited) 100 
in Mackay, Australia. Sugarcane bagasse was washed in the sugar mill by hot water 101 
(90 °C) and the residual sugar in bagasse was negligible. Sugarcane bagasse was air-102 
dried, depithed and ground by a cutter grinder (Retsch® SM100, Retsch GmBH, 103 
Germany). The milled bagasse was screened and bagasse having particle size of 250 – 104 
500 μm was collected and stored for experiment. The moisture of the bagasse powder 105 
was 7.1%. Glycerol was purchased from Biolab Scientific Pty Ltd (Australia). EG and 106 
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PG were purchased from Sigma-Aldrich company (Australia). AccelleraseTM 1000 107 
(Batch no. 1600877126) was a Danisco product (Genencor Division, Danisco Inc., US) 108 
and was purchased through Enzymes Solutions Pty. Ltd (Australia). The filter paper 109 
activity of Accellerase TM 1000 was approximately 40 FPU/mL. All the chemicals used 110 
in this study were analytic reagents. 111 
Pretreatment experiment 112 
Polyol solution which contained a required amount of H2SO4 and water was transferred 113 
into a 100-mL glass flask. A magnetic stirrer was placed into the flask and 4.31 g of 114 
bagasse (4.00 g dry biomass) was added and mixed well. The ratio of liquid to solid was 115 
10 : 1 (weight to weight). The flask was sealed with a lid to avoid water evaporation and 116 
immersed to a silicone oil bath, which had been preheated to the required temperature. 117 
The heating element was equipped with magnetic stirring device (Ika Labortechnik, 118 
Germany). The pretreatment was carried out above atmospheric pressure and under 119 
magnetic stirring (500 rpm) for a required time. After pretreatment, the pretreatment 120 
solution was transferred to a beaker and 40 mL of water was added. The solution was 121 
mixed well and then was filtered through a filter paper (Whatman 541) to collect 122 
pretreated bagasse.  The filtrate was collected and stored in freezer for further analysis. 123 
The pretreated bagasse was washed with 800 mL of distilled water (2 × 400 mL/wash) 124 
and followed by soda wash (50 mM NaOH, 4 × 40 mL/wash) at room temperature 125 
(24 °C). The soda-washed pretreated bagasse was further washed with 800 mL of 126 
distilled water (2 × 400 mL/wash), filtered and collected. A portion of the filtered 127 
sample was freeze-dried and stored for compositional analysis and the other portion of 128 
the filtered sample was stored at 4 °C for enzymatic hydrolysis. Compositional analysis 129 
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of bagasse and pretreated bagasse samples was conducted according to a standard 130 
procedure developed by National Renewable Engergy Laboratory (NREL, US) (Sluiter 131 
et al. 2008).    132 
Recovery and characterisation of lignin 133 
In another experiment, after pretreatment of sugarcane bagasse (4.00 g of bagasse/batch, 134 
four batches) at 130 °C for 30 min with EG solution containing 1.2% H2SO4 and 10% 135 
H2O, the pretreated mixture (including hydrolysate and pretreated bagasse) was mixed 136 
with 360 mL of water. The mixture was filtered using a filter paper (Whatman No. 541, 137 
GE, USA). The pretreated bagasse was washed with 50 mM NaOH solution (4 × 40 138 
mL/wash) at room temperature (24 °C) then washed with distilled water (2 × 400 139 
mL/wash) to remove residue NaOH. The washed pretreated bagasse was freeze-dried 140 
and stored for compositional analysis. The soda wash solution was collected to recover 141 
lignin by lowering the solution pH. The pH of the wash solution was firstly dropped to 142 
4.5 by gradually adding 2 M H2SO4 solution with slow stirring, followed by 15 min 143 
stirring at room temperature (24 °C). The pH of the solution was further dropped to 3.0 144 
by gradually adding 2 M H2SO4 solution with slow stirring, followed by 30 min stirring 145 
in 65 °C water bath (Mousavioun and Doherty 2010).  The solution was vacuum-filtered 146 
and the lignin residue was washed several times with hot water (70-80 °C) until no foam 147 
was observed in the filtered solution. The washed lignin residue was collected and dried 148 
at 40 °C for 72 h in vacuum oven with bleeding air. The dried lignin was ground 149 
manually with a glass rod and was stored for moisture and compositional analysis 150 
according to the NREL method (Sluiter et al., 2008).  Size exclusion chromatography 151 
(SEC) was used to determine the molecular weight of lignin. 152 
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Enzymatic hydrolysis 153 
Enzymatic hydrolysis was carried out in a 20 mL glass vial containing 5 g solution. The 154 
cellulose loading of 2% was used based on cellulose content in bagasse sample. The 155 
reaction solution contained 0.05 M citrate buffer to maintain pH at 4.8 and 0.02% 156 
sodium azide to prevent the growth of microorganisms. The dosage of Accellerase for 157 
enzymatic hydrolysis was 0.5 mL Accellerase/g cellulose (approximate 20 FPU/g 158 
cellulose) unless otherwise stated. The reaction was carried out at 50 °C in a rotary 159 
incubator (Ratek OM 11 Orbital Mixer, Australia) with shaking speed of 150 rpm. The 160 
sampling time was 0 h, 6 h, 12 h, 24 h, 48 h and 72 h. The sampling volume was 0.2 mL 161 
using a pipette tip. After sampling, the sample was sealed and incubated for 5 min in a 162 
boiling water bath to denature the cellulase. The sample was then centrifuged at 9000 g 163 
for 5 min. 0.1 mL of supernatant was diluted 10 times by de-ionized water. The diluted 164 
sample was filtered through 0.45 μm disk filter before analysis by high performance 165 
liquid chromatography (HPLC). All the enzymatic hydrolysis experiments were 166 
conducted in duplicate and the data shown in this study were the means.  167 
HPLC and SEC analyses 168 
A HPLC system with a Bio-Rad Aminex HPX-87H column and a Waters refractive 169 
index (RI) detector was used to detect and quantify sugar derivatives such as 5-170 
hydroxymethylfurfural (HMF) and furfural in pretreatment hydrolysates. The mobile 171 
phase was 5 mM H2SO4 at a flow rate of 0.6 mL/min. The temperature of the column 172 
was 65 °C. A Phenominex RPM monosaccharide column with the RI detector was used 173 
to determine the sugars generated from compositional analysis, pretreatment 174 
hydrolysate and enzymatic hydrolysis. The samples from compositional analysis and 175 
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pretreatment hydrolysates were neutralised with CaCO3 prior to HPLC analysis. The 176 
temperature for the column was 85 °C and the mobile phase was water with a flow rate 177 
of 0.5 mL/min. 178 
SEC was used to determine the molecular weight of recovered lignin. Lignin samples 179 
were prepared in eluent (0.1 M NaOH) at 0.2 mg/mL just prior to analysis and filtered 180 
through a 0.45 μm syringe filter before running. Sodium polystyrene sulphonate 181 
standards of molecular weights from 1,530 – 34,700 g/mol were used to prepare a 182 
standard calibration curve. Lignin weight average Mw and number average molecular 183 
weight (Mn) were calculated using the equation obtained after comparison with the 184 
standards. 185 
Characterisation of bagasse samples 186 
Bagasse samples were characterised by X-ray diffraction (XRD), Fourier transform 187 
infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). XRD was used 188 
to estimate the crystallinity index (CrI) of the bagasse samples. The X-ray 189 
diffractometer (PANalytical, Netherlands) with Cu Kα radiation (λ = 1.5418 nm) was 190 
operated at a voltage of 40 kV and a current of 40 mA.  The 2θ range was from 4° to 191 
30° in steps of 0.02° at a rate of 2.6°/min. CrI was calculated by:  192 
(1) 193 
where I002 is the intensity of the crystalline peak at 2θ = 22.2 °, Iam is the “valley” 194 
intensity of amorphous cellulose, hemicellulose and lignin at 2θ = 18.5 ° (Zhang et al. 195 
2013b).   196 
CrI = 
I002 – Iam 
I002  
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FTIR spectra of the samples were recorded between 4000 cm-1 and 500 cm-1 using a 197 
Thermo Nicolet Nexus 870 system (Thermo Nicolet, US) with the processing software 198 
Omnic 7.3.  SEM was used to record the surface morphological features of bagasse 199 
before and after pretreatment. The samples were coated with gold using a Leica EMS 200 
CD 005 system prior to analysis by FEI scanning electron microscope (Quanta 200 3D, 201 
US).  202 
Calculations 203 
Glucan (xylan, lignin) recovery was calculated based on the following equation: 204 
                                                                                                                                  (2) 205 
Glucan digestibility was calculated based on the following equation: 206 
                                                                                                                                      (3) 207 
Total glucose yield after enzymatic hydrolysis was calculated based on the following 208 
equation:  209 
(4) 210 
The yields of glucose (HMF, xylose and furfural) detected in pretreatment hydrolysate 211 
on total glucan (xylan) in untreated bagasse was calculated based on the following 212 
equations: 213 
(5) 214 
(6) 215 
Total glucose yield Total glucose in enzymatic hydrolysis × 0.9 × 100% 
Total glucan in untreated bagasse 
= 
Digestibility  = 
Total glucose in enzymatic hydrolysis × 0.9 × 100% 
Total glucan in pretreated bagasse 
Component recovery in 
pretreated bagasse 
Total component in pretreated bagasse residue × 100% 
Total glucan (xyaln, lignin) in untreated bagasse 
= 
Glucose yield = Total glucose in pretreatment hydrolysate × 0.9 × 100% 
Total glucan in untreated bagasse 
Xylose yield = 
Total xylose in pretreatment hydrolysate × 0.88 × 100% 
Total xylan in untreated bagasse 
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(7) 216 
(8) 217 
Results and discussion 218 
Comparison of pretreatment by glycerol, PG and EG  219 
Pretreatment of sugarcane bagasse was conducted at 130 °C for 30 min using polyol 220 
solutions containing 10% water and 1.2% H2SO4. Adding water into the pretreatment 221 
process can reduce the solution viscosity and hence allow a higher solid loading.   As 222 
shown in Table 1, pretreatment by all these three polyols significantly improved glucan 223 
content and reduced xylan content in the pretreated bagasse samples. After pretreament, 224 
more than 96% of the total glucan was recovered in pretreated bagasse samples. 225 
Delignification (100% – recovery) with EG or PG pretreatment was 89% whereas it was 226 
only 57% with glycerol pretreatment.  Xylan removal (100% – recovery) with glycerol 227 
pretreatment was slightly higher than that with EG or PG.  The higher xylan removal 228 
with glycerol pretreatment may be attributed to higher acidity potential, which depends 229 
on the solvent permittivity (i.e., dielectric constant). Glycerol (40-42 at 20 °C) has a 230 
slightly high permittivity compared to EG (38 at 25 °C) and PG (32 at 20 °C). Xylan 231 
removal is an acid-hydrolysis process and depends on the solution acidity. Organosolv 232 
delignification  depends on solvent acidity, solvent’s ability to fragment and to dissolve 233 
lignin (Mcdonough 1993). A previous study has shown that lignin is more soluble in EG 234 
than glycerol (Song et al. 2013). Therefore, the poor delignification capacity of glycerol 235 
may be attributed to its low lignin solubility.    236 
Furfural yield = 
Total furfural in pretreatment hydrolysate × 1.375 × 100% 
Total xylan and arabinan in untreated bagasse 
 
HMF yield = 
Total HMF in pretreatment hydrolysate × 1.286 × 100% 
Total glucan in untreated bagasse 
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The glucan digestibilities of bagasse samples pretreated by EG and PG were similar 237 
(~95%), and 18% higher than that from pretreatment by glycerol. As a result, the total 238 
glucose yields after 72 h enzymatic hydrolysis for the bagasse samples pretreated by EG 239 
and PG were about 92%, 18% higher than that by glycerol pretreatment. The high 240 
glucan digestibilities of bagasse samples pretreated with EG and PG can be attributed 241 
their better delignification abilities. It was also reported that EG and PG were more 242 
effective than higher analogues including glycerol in terms of wood liquefaction (Kržan 243 
and Zagar 2009). Although pretreatment effectiveness of using EG and PG was similar, 244 
EG was selected for further study as it has a higher BP and is a cheaper industrial 245 
chemical. 246 
Effects of pretreatment conditions by EG 247 
Table 2 shows the effects of pretreatment conditions on biomass composition, recovery 248 
and glucan digestibility. As expected, increasing acid content from 0.2% to 1.2% 249 
removed more xylan. Delignification also increased with increase in acid content 250 
because cleavage of the ether linkages (especially β-ether linkages) in lignin and 251 
between lignin and carbohydrates depends on solvent acidity (Mcdonough 1993).  252 
Increasing water content from 2% to 30% resulted in a decrease in delignification. This 253 
was possibly because the solubility of lignin in the polyol solution decreased leading to 254 
a reduced fragmentation of lignin to the more soluble low molecular weight fractions. 255 
Increasing pretreatment temperature from 110 °C to 130 °C and pretreatment time from 256 
15 min to 30 min also improved delignification. However, further extension of 257 
pretreatment time from 30 min to 60 min led to only a marginal further increase in 258 
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lignin removal (4%). Decreasing water content and increasing pretreatment time also 259 
resulted in a slight decrease in glucan recovery due to the acid hydrolysis of glucan. 260 
A good correlation of glucan digestibility and delignification was observed under these 261 
pretreatment conditions with R2=0.984 (Fig. 1). Positive linear relationship between 262 
glucan digestibility and delignification was also observed in our previous study on 263 
pretreatment by acidified aqueous ionic liquid solutions (Zhang et al. 2013a). Increasing 264 
acid content, pretreatment temperature and pretreatment time and decreasing water 265 
content improved delignification and therefore, increased glucan digestibility (Table 2). 266 
As high glucan recoveries (≥ 94%) were achieved in all pretreatments, high glucan 267 
digestibilities led to high total glucose yields (Table 2).    268 
Lee et al. (2010) pretreated waste newspaper at 150 °C for 15 min with non-aqueous EG 269 
containing 2% H2SO4 and achieved a similar glucan digestibility as reported in the 270 
present study although under different conditions.  Lee et al. observed a strong 271 
relationship between glucan digestibility and dissolution of cellulose, hemicellulose and 272 
lignin. However, dissolution of the majority of the hemicellulose component alone in 273 
dilute acid pretreatment does not directly relate to significant improvement of glucan 274 
digestibility at a mild temperature of 130 °C (Zhang et al. 2012; Zhang et al. 2013a).  275 
Our results present a clear positive linear correlation between glucan digestibility and 276 
delignification.    277 
Fig. 2 shows the kinetics of enzymatic hydrolysis of the bagasse samples pretreated by 278 
EG solutions containing different amounts of water. Glucan was digested rapidly in the 279 
first 24 h. The enzymatic hydrolysis rate of the pretreated bagasse samples containing 280 
less water was higher than that of the pretreated bagasse samples containing more water. 281 
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The 24 h glucan digestibilities for the bagasse pretreated with EG solutions containing 282 
2.0%, 10.0%, 20.0% and 30.0% water reached 94.6%, 89.3%, 76.9% and 63.7% 283 
respectively. Further increasing enzymatic hydrolysis time from 48 h to 72 h did not 284 
significantly increase glucan digestibilities. Although the presence of 10% water in EG 285 
has a slightly negative effect on pretreatment effectiveness, including 10% water in the 286 
solvent system could significantly reduce the costs for preparation of raw materials and 287 
solvent recycle without complete removal of water.   288 
Characterisation of pretreated bagasse samples 289 
The structural features of pretreated lignocellulosic biomass determine the extent to 290 
which it can be converted into fermentable sugars. Fibre particle size, crystallinity, the 291 
extent of defibrillation of the fibre bundles and the structural linkages and attributes are 292 
some of the parameters that determine the degree of amenability of the pretreated 293 
bagasse samples to enzymatic hydrolysis.   294 
SEM images show the morphological changes of bagasse samples before and after 295 
pretreatment by EG in the presence of 1.2% H2SO4 and different water contents. 296 
Untreated bagasse has average fibre diameters of 250 – 500 μm (Fig. 3a). Defibrillation 297 
of bagasse fibre bundles was observed after pretreatment of bagasse by EG (Fig. 3b-3e). 298 
Defibrillation became more significant with EG containing less water (≤ 10%, Fig. 3b 299 
and 3c) than more water (≥ 20%, Fig. 3d and 3e). The diameters of defibrillated fibres 300 
from pretreatment by EG containing 10% water were approximately 20 − 30 μm (Fig. 301 
3f). The fibre surface became smooth due to delignification (Fig. 3f). Biomass 302 
delignification and defibrillation makes cellulose more accessible to cellulases and 303 
therefore enhances enzymatic hydrolysis. 304 
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The bagasse samples pretreated with EG solutions containing different amounts of 305 
water were also characterised using FTIR. A number of bands were used to monitor the 306 
chemical changes that occurred in lignin and the carbohydrates. As shown in Fig. 4, the 307 
ester bond (i.e., lignin-hemicellulose) signal at about 1732 cm-1 diminished in the 308 
bagasse samples pretreated with the decreased water content in the pretreatment 309 
solutions.  This peak may be related to the uronic acid ester bonds formed between the 310 
carboxylic acid group of the hemicellulose and the phenolic hydroxyl group in lignin 311 
and/or the carboxylic acid group from lignin hydroxycinnamic acid and the hydroxyl 312 
group of arabinofuranose unit (Carpita and Gibeaut 1993; Iiyama et al. 1994). The 313 
reduction of this peak in the bagasse samples pretreated with EG solutions confirms the 314 
results in Table 2, which shows that more lignin and xylan were removed with less 315 
water. The peaks at 1605 cm-1 and 1515 cm-1 which relate to the aromatic skeleton 316 
vibrations in lignin (Liu et al. 2009) were still prominent in the bagasse samples 317 
pretreated with EG solutions containing ≥ 20% water compared to those in the bagasse 318 
samples pretreated by EG solutions containing ≤ 10% water. The decrease in band 319 
intensity with decreasing water content was also observed at 1460 cm-1, possibly 320 
associated with methoxy group in lignin (Guo et al. 2008). 321 
The peak at 1318 cm-1 may be assigned to C-H vibration in cellulose and/or C-O 322 
vibration in syringyl derivatives according to previous reports (Zhao et al. 2008; Kim et 323 
al. 2003). In this study, this peak is likely associated with C-H vibration in cellulose 324 
because the intensity of this peak increased after pretreatment, corresponding to the 325 
increase in glucan content in the pretreated bagasse samples. The peak at 1240 cm-1 is 326 
assigned to β-ether bonds (Liu et al. 2009), and diminished with decreased water 327 
content, indicating increased breakup of the bonds in lignin.  328 
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The region of 1200-1000 cm-1 represents C-O stretch and deformation bands in 329 
cellulose, lignin and residual hemicellulose (Sun et al. 2005). The increase in band 330 
intensity at 1200 cm-1 of pretreated bagasse from pretreatment compared to untreated 331 
bagasse may be be related to the increase in glucan content. The band intensity at 1105 332 
cm-1, which corresponds to crystalline cellulose (Li et al. 2010) increased in all the 333 
pretreated bagasse samples compared to untreated bagasse, indicating that the 334 
pretreatment process increased biomass crystallinity. As shown in Fig. 5, the peaks (2θ 335 
at ~15.5° and 22.2°) which correspond to crystalline cellulose were still significant in all 336 
the pretreated bagasse samples. The estimated CrI increased from 0.66 for untreated 337 
bagasse to 0.71 – 0.74 for the pretreated bagasse samples. The slight increase of CrI 338 
after pretreatment could be attributed to the removal/dissolution of amorphous 339 
components such as amorphous cellulose, hemicellulose and lignin. The highest CrI was 340 
0.74 for the bagasse samples pretreated with EG solutions containing ≤ 10% water 341 
whereas it was 0.71 – 0.72 for the bagasse samples pretreated by EG containing ≥ 20% 342 
water.   343 
The peak at 1050 cm-1 is associated with the C-O stretch in cellulose and hemicellulose 344 
(Zhao et al. 2008).   It was more prominent in the bagasse samples pretreated with EG 345 
solutions containing lower water content, corresponding to the increase in glucan 346 
content. The peak at 898 cm-1 is characteristic of β-glycosidic linkages and 347 
demonstrates the dominance of these linkages between the sugar units in cellulose and 348 
hemicellulose (Liu et al. 2009). The peak at 835 cm-1 belongs to a C-H out of plane 349 
vibration in lignin (Zhao et al. 2008). The peak intensity at 835 cm-1 diminished with 350 
decrease in water content, corresponding to the improvement in delignification.  351 
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Characterisation of pretreatment hydrolysates 352 
Table 3 shows the analysis results of the pretreatment hydrolysates for all the 353 
pretreatments.  Glucose and its degradation product, HMF, were not detected in any of 354 
the pretreatment hydrolysates. Although significant amounts of xylan were removed by 355 
pretreatment, the yields of xylose and its degradation product (furfural) were very low. 356 
The xylose yields slightly increased with increasing acid content, water content, 357 
pretreatment temperature and time. However, the total xylose yields including xylose 358 
and furfural in hydrolysates and xylan in the pretreated bagasse samples were far below 359 
the theoretical value of 100%.  Previous studies on biomass liquefaction have found that 360 
dissolution of glucan in acidified EG can form EG-glucosides (Yamada and Ono 2001, 361 
1999; Jasiukaityte et al. 2009). Under liquefaction conditions, where harsher conditions 362 
(higher temperature, less water or no water, and/or more acid) than pretreatment were 363 
used, EG-levulinic acid (levulinic acid is a hydrolysis product of HMF) may also be 364 
produced (Yamada and Ono 2001). EG-glucosides or EG-levulinic acid can be 365 
hydrolysed to produce free EG, glucose or levulinic acid (Yamada and Ono 2001). In 366 
our previous study, we have indicated that xylan may also be degraded in a similar 367 
mechanism with formation of EG-xylosides (Zhang et al. 2013b). On the other hand, the 368 
formation of sugar oligomers may also contribute to the reduced amounts of 369 
xylan/xylose and glucan/glucose in the hydrolysate.  370 
In another experiment, we incubated 10.0 g of EG solution containing 10% water, 1.2% 371 
H2SO4 with 0.2 g of pure xylose at 130 °C for 30 min. After incubation, it was found 372 
that the xylose yield decreased significantly to 7% of the initial value (100%) 373 
(Supplementary Fig. 1). The incubated solution was further diluted with water to a 374 
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water content of 75% and was hydrolysed at 130 °C for 30 min. The xylose yield 375 
increased to 39% after hydrolysis (Supplementary Fig. 1). These results indicated the 376 
formation of EG-xylosides during incubation.  Similarly, pretreatment hydrolysates 377 
were diluted with water to a water content of 75% and were hydrolysed at 130 °C for 30 378 
min. As shown in Table 4, more xylose was detected after hydrolysis of pretreatment 379 
hydrolysates. In addition, small amounts of glucose were also detected in the 380 
hydrolysed hydrolysates. HPLC analysis showed that the increase in xylose peak after 381 
hydrolysis was accompanied by the decrease in one unknown peak (Supplementary Fig. 382 
2). This unknown peak was detected at the same retention time as that from the reacted 383 
synthetic EG solution containing acid and xylose (Supplementary Fig. 2). These results 384 
indicate that (1) EG-xylosides existed in the pretreatment hydrolysates and (2) the 385 
missing xylan/xylose was at least partially caused by the formation of EG-xylosides. 386 
This hydroxyl group rich hydrolysate containing EG-glycosides and lignin may be used 387 
for the production of biodegradable polymers (Yu et al. 2006). 388 
Recovery of lignin from pretreatment hydrolysate 389 
When excess amount of water was added into the liquefaction mixture after liquefaction 390 
by acidified polyols, high molecular weight lignin was precipitated out (Jasiukaityte et 391 
al. 2010; Kunaver et al. 2012). A similar procedure was conducted to precipitate high 392 
molecular weight lignin in the pretreatment hydrolysate. The recovered lignin accounted 393 
for ~36% of the total initial lignin. The lignin molecular distribution is shown in 394 
Supplementary Fig. 3. The Mw and Mn are ~5200 and ~2100 g/mol respectively. The 395 
polydispersity index (Mw/Mn) is 2.48, indicating that the recovered lignin has a wide 396 
chain length range (Mousavioun and Doherty 2010). Therefore, this recovered lignin 397 
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may be further fractionated to produce different lignin fragments with similar properties 398 
for the synthesis of polymers (Mousavioun and Doherty 2010; Matsushita et al. 2011).  399 
It is worth noting there was still 11% lignin remained in the pretreated bagasse sample 400 
(Table 1). Therefore, the residual lignin remaining in the pretreatment hydrolysate 401 
accounts for 53% of the total initial lignin (100% – 11% (in pretreated bagasse sample) 402 
– 36% (recovered from hydrolysate)). This residual lignin is likely to have a low 403 
average molecular weight of < 1000 (Jasiukaityte et al. 2010; Kunaver et al. 2012). A 404 
previous study by Lee et al. (2010) has shown that recycling EG for pretreatment led to 405 
increased solution viscosity and decreased delignification, which negatively impacted 406 
the pretreatment effectiveness. The decreased delignification was attributed to the high 407 
lignin content in the recycled EG solution (Lee et al. 2010). Removal of high molecular 408 
weight lignin may increase pretreatment efficiency of recycled EG solution due to 409 
reduced solution viscosity and reduced lignin content in the solution.    410 
Conclusions  411 
Pretreatment of sugarcane bagasse by acidified aqueous glycerol, EG and PG solutions 412 
at a mild temperature of 130 °C were compared. Pretreatments by acidified EG and PG 413 
solutions removed 89% lignin from bagasse resulting in a high glucan digestibility of 414 
95% compared to a lignin removal of 57% with pretreatment by acidified glycerol 415 
solution and a subsequent glucan digestibility of 76.8%.  With EG as pretreatment 416 
solvent, increasing acid concentration, temperature and pretreatment time had positive 417 
impacts on pretreatment effectiveness whereas increasing water content had a negative 418 
impact. Characterisation of pretreated bagasse samples confirmed that improved glucan 419 
digestibility is mainly due to delignification and defibrillation of bagasse. Analysis of 420 
20 
 
pretreatment hydrolysates indicated the formation of EG-glycosides during pretreatment. 421 
~36% of the total lignin could be recovered from pretreatment hydrolysate, which may 422 
increase the pretreatment efficiency of recycled polyol solvent. 423 
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solutions containing different amounts of water  570 
Figure 5. XRD spectra of untreated bagasse and bagasse samples pretreated with EG 571 
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Supplementary Figure 1. Xylose yield change after hydrolysis of EG solution 573 
containing pure xylose.  574 
Supplementary Figure 2.  HPLC spectra of pretreatment hydrolysate (a) before and (b) 575 
after hydrolysis. 576 
Supplementary Figure 3. Distribution of molecular weight of lignin recovered from 577 
pretreatment hydrolysate. 578 
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Table 1. 
Polyol 
Content in pretreated bagasse (%)   Recovery in pretreated bagasse (%)   72 h glucan 
digestibility 
(%) 
Total 
glucose 
yield (%) Glucan Xylan Lignin   Glucan Xylan Lignin   
Glycerol 69.9 7.6 19.6   96.7 22.8 43.2   76.8 74.3 
PG 81.9 10.1 5.8  97.3 26.0 11.0  94.8 92.2 
EG 81.6 9.7 5.8  96.8 25.0 11.0  94.7 91.7 
Untreated 
bagasse 43.8 20.2 27.5   100.0 100.0 100.0   6.0 6.0 
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Table 2. 
Pretreatment conditions   Content in pretreated bagasse (%)   
Recovery in pretreated 
bagasse (%)   Glucan digestibility 
(%) 
Total 
glucose 
yield (%) Acid (%) 
Water 
(%) T (°C) t (min)   Glucan Xylan Lignin   Glucan Xylan Lignin   
0.2 10 130 30  63.0 15.6 17.1   98.3 52.7 42.6  62.8 61.7 
0.4 10 130 30  72.1 13.1 10.8  98.4 38.6 23.4  83.5 82.2 
0.8 10 130 30  76.9 11.7 8.0  97.2 32.1 16.2  91.1 88.5 
1.2 10 130 30  81.6 9.7 5.8  96.8 25.0 11.0  94.7 91.7 
1.2 2 130 30  83.5 6.6 3.8  94.3 16.2 6.8  98.5 92.9 
1.2 20 130 30  73.2 11.6 10.6  97.6 33.5 22.5  86.3 84.2 
1.2 30 130 30  70.8 12.5 13.7  98.3 37.6 30.2  75.9 74.6 
1.2 10 110 30  70.8 14.1 11.8  97.7 42.2 25.9  81.7 79.8 
1.2 10 120 30  74.7 13.3 9.4  97.2 37.4 19.5  89.9 87.4 
1.2 10 130 15  73.7 13.1 11.0  98.5 37.9 23.4  85.1 83.8 
1.2 10 130 45  82.8 8.1 5.0  95.7 20.3 9.2  97.6 93.4 
1.2 10 130 60  83.9 6.4 4.0  94.4 15.5 7.1  100.0 94.4 
Untreated bagasse    43.8 20.2 27.5   100.0 100.0 100.0   6.0 6.0 
30 
 
Table 3. 
Pretreatment conditions  Yield on xylan (%) 
Acid (%) Water (%) T (°C) Time (min)  Xylose Furfural 
1 
0.2 10 130 30  1.0 0.0 
0.4 10 130 30  3.5 0.0 
0.8 10 130 30  5.3 0.3 
1.2 10 130 30  7.8 1.2 
1.2 2 130 30  3.9 1.2 
1.2 20 130 30  9.6 0.4 
1.2 30 130 30  14.2 0.4 
1.2 10 110 30  3.8 0.0 
1.2 10 120 30  4.6 0.1 
1.2 10 130 15  5.6 0.1 
1.2 10 130 45  7.0 2.1 
1.2 10 130 60  8.7 3.4 
1. Furfural yield was calculated based on the total xylan and arabinan. 
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Table 4 
Pretreatment conditions  Yield on glucan (%) Yield on xylan (%) 
Acid (%) Water (%) T (°C) Time (min)  Glucose Xylose Furfural 
1 
1.2 2 130 30  2.1 48.9 2.3 
1.2 10 130 30  1.5 43.7 1.9 
1.2 20 130 30  1.1 42.6 1.1 
1.2 30 130 30  1.1 43.7 1.1 
1. Furfural yield was calculated based on the total xylan and arabinan. 
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